Objective: To characterize total body bone mineral content (BMC) and total body and spinal bone mineral density (BMD) in perinatally HIV-infected and uninfected children/ youth across puberty.
Introduction
Numerous studies have found lower bone mass in children with perinatally acquired HIV infection compared to healthy children of similar age and sex [1] [2] [3] [4] [5] . Cause and fracture risk are poorly understood. Many factors associated with bone loss in children with other chronic inflammatory diseases [6] [7] [8] are prevalent among HIV-infected children [9] [10] [11] including delayed growth and puberty, low lean body mass (LBM), chronic inflammation, hormonal dysregulation (IGF), vitamin D deficiency, malabsorption and physical inactivity. Finally, specific antiretroviral medications may be deleterious to bone [12, 13] .
Peak bone mass is achieved by age 30, but approximately 80% is attained by age 18 [14] [15] [16] . Healthy prepubertal boys and girls have similar rates of growth and bone accrual. During puberty, hormones stimulate rapid increases in height, weight and LBM, which stimulate rapid bone accrual [16, 17] . The greatest gains in bone mass at the spine and femoral hip occur between ages 11 and 14 at Tanner stages 2-4 in girls and between ages 13 and 17 at Tanner stage 4 in boys [14, 15] . Two years after menarche, girls gain minimal bone mass and bone accrual slows dramatically after age 17 in boys. [14, 15, 17] . Peak bone mass is primarily genetically predetermined, but calcium and vitamin D intake and physical activity can increase peak bone mass and clinical factors can compromise it [18] . Deficits in bone accrual during adolescence may remain through adulthood [19] and increase the risk of osteoporosis and fragility fractures later in life [20] .
Most perinatally HIV-infected children in the United States today have not yet reached peak bone mass. Many are transitioning through puberty. We characterized bone mass across pubertal stages in perinatally HIV-infected compared to uninfected children/youth with comparable sociodemographic status, controlling for differences by age, race/ethnicity, height and total LBM between groups. Our results have important clinical implications concerning timing of bone acquisition in infected children and Tanner stage at which they begin to lag behind age-matched healthy peers.
Methods

Selection of participants
HIV-infected For this cross-sectional study, we used a stratified design to select a representative sample of HIV-infected (HIV-pos) children/youth aged 7-24 years across six strata defined by protease inhibitor use/nonuse and Tanner stage (Tanner 1, Tanner 2-3, Tanner 4-5) [21] . HIV-uninfected For comparison, we enrolled 50 HIV-uninfected children/youth (HIV-neg) aged 7-24 years into each of three Tanner strata with similar overall distribution of sex and race/ethnicity as the HIV-pos [21] . They were recruited at the same sites as the HIV-infected children/ youth. The study was approved by the institutional review board at each site and informed consent was obtained from each participant (>18 years old) or their parent or guardian before enrollment.
Measurements
Anthropometry
Height and weight were measured according to standard techniques [21] .
Tanner stage
Tanner stage was determined for breasts and/or pubic hair for females and genitalia and/or pubic hair for males by inspection. Tanner staging was assessed by certified pediatric medical practitioners who regularly assess growth and development in HIV-infected children. When both Tanner measurements were available, the most advanced level was used. Both measures were done on 76% of males and 72% of females. Growth velocity is greatest at Tanner 3 and 4, so Tanner stage was categorized into three groups (Tanner 1-2, Tanner 3-4 and Tanner 5) for this analysis, hereafter called 'Tanner group'.
Laboratory
CD4 T-cell counts and plasma HIV-1 RNA levels (Monitor UltraSensitive Assay, Roche Molecular Diagnostics, Branchberg, New Jersey, USA) were measured at each site in laboratories certified by the Division of AIDS Virology and Immunology Quality Assurance Program.
Clinical history
Data were collected on clinical events, family history and current and lifetime use of individual antiretroviral drugs and CDC Disease Classification through chart review and interview.
Dietary intake and lifestyle
Average intake of specific foods and supplements over the past year was determined using the Block Food Frequency Questionnaire (NutritionQuest, Berkeley, CA). Vitamin D and calcium from food and supplements were categorized into 'at or above' or 'below' the dietary reference intake (DRI) for age and sex [22] . We assessed TV watching and cigarette smoking on the Block questionnaire and frequency of regular exercise in an additional questionnaire.
Dual-energy X-ray absorptiometry Dual-energy X-ray absorptiometry (DXA) scans were performed on the whole body, to assess whole body bone mineral content (BMC), bone mineral density (BMD), lean body mass (LBM) and adiposity (total body, trunk, extremities), and on the lumbar spine (L1-L4). The Body Composition Analysis Center at Tufts University School of Medicine analyzed all scans to standardize measurements across sites. A phantom was circulated and scanned at each clinical site.
Statistical methods
The primary goal of this analysis was to compare each bone outcome (total body BMC and BMD, spinal BMD) in HIV-pos compared with HIV-neg children/youth in each Tanner group.
Comparison of baseline characteristics between HIV-pos and HIV-neg
Groups were compared using Fisher's exact test for categorical variables and Wilcoxon rank sum tests for continuous variables. Median age at puberty initiation was estimated using Turnbull's algorithm [23] and HIVpos and HIV-neg were compared within each sex using an exponential survival model [24] .
Comparison of bone outcomes between HIV-pos and HIV-neg across Tanner groups
For each outcome, we graphed observed (unadjusted) means [95% confidence intervals (CIs)] and calculated differences in means between HIV-pos and HIV-neg in each Tanner group, separately by sex. We then fit two sets of multiple linear regression models ('partially adjusted', 'fully adjusted') for each outcome to test for differences between HIV-pos and HIV-neg across Tanner group (Tanner by HIV interaction). Race/ethnicity and four groups of DXA scanners (Hologic Delphi, Hologic 1000, Hologic 4500/Discovery, Hologic Inc, Bedford, Massachusetts, USA) or Lunar (DPX IQ/XL/Prodigy/Prodigy DF/Prodigy PA, General Electric Healthcare, UK) were included in all models regardless of statistical significance because of strong associations with BMC and BMD. The 'partially adjusted' models included main effects for DXA scanner, race/ethnicity, HIV and Tanner group, and the interaction of HIVand Tanner group. The 'fully adjusted' models included all variables in the 'partially adjusted' models, and age, height, and total LBM. We screened potential confounders, including adiposity (total body fat, trunk fat, trunk-to-extremity fat ratio), calcium and vitamin D intake, daily exercise and TV hours. If the interaction term between HIV and Tanner was not significant, it was dropped from the model. Models for males and females were fit separately because of meaningful differences by sex across Tanner groups. For each model, residuals were evaluated for evidence of nonlinearity of the outcome with height, LBM, and age. One unduly influential data point (studentized residual >4) was deleted from final models. In 'fully adjusted' models we evaluated differences between HIV-pos and HIV-neg within each Tanner group by estimating the predicted mean outcome at the median age, height and LBM of HIV-pos and HIV-neg separately. We then calculated the difference (95% CI) between HIV-pos and HIV-neg within each Tanner group. We repeated the above analysis for the lumbar spine using bone mineral apparent density (spinal BMAD) calculated from the formula by Katzman et al. [25] .
Antiretroviral use and bone outcomes in HIV-pos
To evaluate the influence of selected antiretroviral drugs on each outcome in the HIV-pos, we started with all variables in the 'fully adjusted' model described above, without the HIV term. We also included sex and current HIV-1 RNA level (log 10 copies/ml) and lowest lifetime CD4 cell count (<200, 200-500, !500 cells/ml). We combined males and females because of limited power and no a priori hypothesis about differential effects of antiretroviral drugs by sex. We then fit two models for each outcome that included the above variables and 1) indicators for current use of each antiretroviral class (NRTI, NNRTI and protease inhibitor); or 2) current agents within each antiretroviral class [NRTI: zidovudine, didanosine, lamivudine, stavudine, and other NRTIs; NNRTI: nevirapine and efavirenz; protease inhibitor: nelfinavir, ritonavir (alone or Kaletra) and other protease inhibitors]. In the latter models each drug was evaluated individually, including an indicator for other drugs in that drug class. Forward stepwise regression was used starting with the most statistically significant individual drug and adding other individual drugs in its class and other classes one at a time, only keeping individual drugs in the model if significant at P < 0.10. If no individual agents in a class were significant then an indicator for that class remained in the model. If no individual agent was significant in any class, the model would only contain indicators for NRTI, NNRTI or protease inhibitor use (i.e. the same as in set 1). We repeated the above analyses with cumulative time on each class of antiretroviral and individual antiretroviral drug. All analyses were performed in SAS Version 9.1 (SAS Institute, Cary, North Carolina, USA).
Results
Demographic, nutrition and body composition in HIV-pos and HIV-neg
Of 386 children/youth who completed P1045, 379 (143 HIV-neg and 236 HIV-pos) had readable DXA. Seven had no DXA [not ambulatory (4), too heavy for machine (2) , no result (1)].
HIV-pos and HIV-neg participants did not differ by sex, race/ethnicity or Tanner group (Table 1) . However, the HIV-pos were slightly older. HIV-pos were more likely to take calcium and vitamin D supplements and less likely to be below the DRI for these nutrients. HIV-pos children/ youth had significantly lower sex-age adjusted height, weight and BMI Z-scores with greater impairment in HIV-pos males than HIV-pos females compared to their HIV-neg counterparts. There were no differences within HIV-pos and HIV-neg by sex in dietary intake, supplement use, or height, weight or CDC Z-scores (not shown).
Markers of disease severity and antiretroviral use in HIV-pos
Most HIV-pos were relatively healthy with CD4 cell counts at least 500 cells/ml (71%), CD4% at least 25% (73%) and HIV-1 RNA 400 copies/ml or less (56%) ( Table 2 ). Some had past severe disease (40% CDC B and 9% CDC C). Table 2 shows percentage of HIV-pos currently using each antiretroviral drug and median years of continuous use to enrollment. Forty-two (18%) participants were currently receiving NRTIs alone, 36 (15%) NRTI/ NNRTI combinations, 105 (44%) NRTI/protease inhibitor combinations, 47 (20%) NRTI/NNRTI/ protease inhibitor combinations and six (2%) received other combinations including more than one protease inhibitor (not shown). All HIV-pos had received NRTIs, whereas 56% ever received NNRTIs and 67% ever received protease inhibitors, for a median of 9.1, 3.1 and 6.3 years of lifetime use, respectively (not shown).
Comparisons between HIV-pos and HIV-neg in bone outcomes
No potential confounders were significant at P < 0.10 in 'fully adjusted' models for any outcomes in males or females and are not considered further. For each outcome, observed means (95% CI) for HIV-pos and HIV-neg in each sex and Tanner group are shown in Fig. 1 and observed (unadjusted) and adjusted differences (95% CI) in means are in Table 3 . (unadjusted). In the partially adjusted linear regression model, there were at least marginally significant interactions between HIV and Tanner group for all outcomes (total BMD: P ¼ 0.065; spinal BMD: P ¼ 0.018; total BMC: P ¼ 0.068). In fully adjusted models, the interaction term between HIV and Tanner group was statistically significant (P < 0.011) for all outcomes. Similar to the unadjusted differences, HIV-pos males had significantly lower scores than HIV-neg males at Tanner 5 for total body and spinal BMD and total BMC in fully adjusted models. For BMC, HIV-pos also had significantly lower predicted mean outcomes than HIVneg at Tanner 3-4. There were no differences at Tanner 1-2. For all three outcomes, the magnitude of the observed and estimated differences between HIV-pos and HIV-neg increased with Tanner group.
Females
No outcomes differed significantly between HIV-pos and HIV-neg in any Tanner group in unadjusted comparisons. In partially adjusted regression models there were no statistically significant interactions between HIV and Tanner group (P > 0.113) for any outcome. Total BMC was marginally significantly lower in HIV-pos (P ¼ 0.045). In fully adjusted models, there was a marginally significant interaction of HIV and Tanner group for spinal BMD (P ¼ 0.078), but no significant interaction in models for total BMC and BMD. In fully adjusted models with no interaction term, HIV was not a significant predictor of any outcome. As with males, the magnitude of the estimated differences between HIV-pos and HIV-neg increased with Tanner group, but the magnitude of predicted difference at Tanner 3-4 and 5 was greater in males than females.
Addition of variables for adiposity did not change the results among males or females and were not included in any of the final models. In addition, spinal BMAD yielded the same conclusions as spinal BMD. These results are not shown.
Influence of antiretroviral use in HIV-pos
In models with an indicator variable for each antiretroviral class, NNRTI use was significantly associated with higher BMC (62 g; 95% CI 1-122; P ¼ 0.047) and higher spinal BMD (0.039 g/cm 2 ; 95% CI 0.006-0.072; P ¼ 0.021) compared to no NNRTI use. Protease inhibitors and NRTIs were not associated with any outcome Bone mass and puberty in HIV-infected children Jacobson et al. 691 at P < 0.10. In the final models (Table 4 ) evaluating the effect of individual antiretroviral drugs, Kaletra/ritonavir was associated with lower BMC and total body and spinal BMD. ZDV was also associated with marginally lower BMC but not other outcomes. In contrast, NVP was associated with higher BMC and spinal BMD but not total BMD. The results were consistent when antiretroviral class and individual agents were modeled as cumulative time on treatment. There was no strong trend for greater spinal BMD or total BMC with increasing time on NNRTIs.
Discussion
Highly active antiretroviral therapy (HAART) has improved the health and survival of perinatally HIVinfected children, thus many are now entering adolescence. Despite improved general health, HIV-infected children are likely to have persistent deficits in growth and be at risk for delayed puberty [9] and decreased bone mass [2, 4, 26, 27] . The timing of these deficits during puberty has not been well studied, especially in the HAART era. We evaluated bone mass across stages of puberty in a randomly selected group of perinatally HIV-infected compared to uninfected children/youth of similar Tanner stage and sociodemographic status. Our most striking finding was that HIV-infected boys had significantly lower spinal and total body bone mass relative to uninfected boys and that difference was more pronounced with advancing puberty. The trend was similar in girls, but the difference between the infected and uninfected was smaller and not statistically significant. A secondary finding was that those receiving ritonavir, with or without lopinavir, had lower bone mass at the spine and total body and those receiving ZDV had lower total body bone mass. In contrast, nevirapine users tended to have higher bone mass at both sites.
To our knowledge, ours is the first study to report differences in bone mass between HIV-infected and uninfected children/youth across Tanner stage and by sex.
Others adjusted for these factors. Our findings are consistent with dimorphic trends in bone density, structure and strength observed in healthy adolescent girls and boys [28] . As long bones increase in length, bone formation beneath the outer envelope (or periosteum) widens the skeletal shaft. Simultaneously, removal and replacement of bone along the inner envelope (endocortical component) establishes a medullary canal. Periosteal apposition generally exceeds endocortical resorption in young children and enlarging long bones thereby develop an increasingly thick cortex. This remodeling is similar in both sexes until puberty when sexual dimorphism occurs [28, 29] . In girls, estrogen inhibits periosteal bone formation and limits growth of the skeletal diameter and promotes bone formation along the endocortical surface, ultimately narrowing a bone's inner diameter [30] . In boys, androgens secreted during puberty increase periosteal apposition, bone diameter, and cortical thickness. As a result, men have much larger, denser bones on average than women. Although speculative, in the current study, hormonal changes could have exaggerated the dimorphic changes in bone density that we observed.
Interestingly, dimorphic differences in bone loss are observed in HIV-infected adults. Two studies reported a higher prevalence of osteopenia in HIV-infected men compared with HIV-infected women [31, 32] . Jacobson et al. [33] observed that HIV-infected adult men tended to have greater loss in bone mass over follow-up compared to premenopausal women, whereas postmenopausal women had greater losses than both men and premenopausal women. The reasons for this apparent sexual dimorphism have yet to be identified.
In our study, HIV-pos and HIV-neg boys and girls at Tanner stages 1-2 did not differ significantly for any skeletal outcome. This contrasts with the findings of Arpadi et al. [1] in which prepubertal perinatally HIVinfected children had lower total body BMC compared to uninfected children of similar age and sex, but different race/ethnicity. There are two potential reasons why our findings may differ. By design our comparison group was not matched on age but selected within the same Tanner groups as the HIV-pos. In fact, within Tanner 1-2, our HIV-infected were somewhat older than the uninfected (approximately 2 years for boys and more than 1 1 / 2 years older for girls) and may reflect delayed puberty [9, 34] . Thus, prior to the adolescent growth spurt, our HIVinfected boys and girls may have acquired a similar amount of bone mass as the uninfected, but at a later age. Also, we enrolled participants in later years than Arpadi et al. (2004 Arpadi et al. ( -2005 Arpadi et al. ( versus 1995 Arpadi et al. ( -2000 . Our HIV-infected children may have been treated with antiretroviral drugs younger, which may have had a positive impact on bone acquisition.
Whereas we did not observe differences in bone mass at Tanner 1-2 in either boys or girls, there were pronounced differences at later Tanner stages in boys. A few studies observed greater differences between HIVinfected and uninfected children/youth in older versus younger children while not specifically looking by sex or Tanner stage. Among HIV-infected girls aged 5-15 years old, O'Brien et al. [2] noted that total body BMC was further below the normal curve in older compared to younger children. Mora et al. [3] found lower spinal and total body BMD in the HIV-infected children compared to uninfected children aged 6.3-17.7 years. The groups were of similar age within each Tanner stage. Over a 12-month follow-up, the actual rate of increase in spinal BMD among the HIV-infected was similar to that estimated for HIV-uninfected. In contrast, the rate of increase in total body BMD was slower in the HIVinfected.
The effect of antiretroviral drugs on bone loss is inconsistent across studies. In our study, children receiving ritonavir had lower BMD and BMC. In a meta-analysis of adult cross-sectional studies [35] , protease inhibitortreated patients had a higher prevalence of low BMD (osteopenia or osteoporosis) than non-protease inhibitortreated. In contrast, several longitudinal studies have not demonstrated greater losses in bone mass over time in When only the class variable was included in the model, then there were no significant effects of individual drugs in that class.
protease inhibitor-treated patients. [36] [37] [38] [39] [40] . However, individual protease inhibitors may differ in their effect. In vitro, ritonavir was an inhibitor of osteoclast differentiation [41] , which would be expected to protect bone mass [42] . We observed somewhat lower total body BMC among participants receiving ZDV. Jacobson et al. [33] observed greater total body bone loss in HIV-infected adults on ddI. Pan et al. [43] reported that ZDV was associated with increased osteoclastogenesis in vitro and decreased BMD in mice, and van Vonderen et al. [44] observed greater loss of BMD in the spine and femur in adult men receiving ZDV and 3TC compared to nevirapine, with a backbone of Kaletra/ritonavir in both groups. Other studies support our finding of NNRTI and especially nevirapine use and greater bone mass in perinatally infected children [4] . Nevirapine may have protective effects on bone, be a marker for better control of underlying disease or mitigate the effects of protease inhibitor treatment [44] . Only 5.9% of children/youth in our study were receiving tenofovir, a drug associated with bone loss in adults [33, 45] and children [12] .
Dual-energy X-ray absorptiometry is the standard clinical method to screen for low bone mass in children, adolescents, and adults [16] . DXA is preferred over axial computed tomography (CT) because it delivers lower radiation and well established normative data exist for children over 4 years up to adulthood [16] . DXA measures BMC and the projected surface area from which areal bone density, a two-dimensional measure, is calculated (in g/cm 2 ), whereas CT provides a threedimensional, volumetric bone density measure in g/cm 3 . A limitation of DXA is that measurements may be confounded by bone size as the anteroposterior diameter of bone is not evaluated, resulting in systemic underestimation of volumetric BMD for age in children with impaired growth and pubertal development who may have smaller bones [16] . By DXA, Pitukcheewanont et al. [46] found lower total body and spinal BMC and BMD in HIV-infected compared with matched uninfected children. In contrast, using CT these two groups did not differ on bone measures, but vertebral cross-sectional area, height and volume were lower in the HIV-infected. Thus, our finding of lower BMC and BMD during puberty in our HIV-infected compared to uninfected may be somewhat exaggerated on DXA because we could not account for bone size. However, we carefully adjusted for height and LBM which could partially explain body size and are positively correlated with bone mass. In addition, we evaluated differences across Tanner stages, not assuming a similar age between HIV groups at each Tanner stage. Finally, we repeated our analysis using spinal BMAD to account for bone size and our findings did not change [25] .
Our HIV-infected and uninfected were well matched by sex, race and Tanner stage and sociodemographics which may decrease unmeasured confounding. However, our results may not represent all perinatally infected children and our estimates may be biased because some children/ youth chose not to enroll, although we found no systematic reason for nonparticipation [21] . In the future, use of peripheral computed tomography (pQCT), which measures volumetric BMD and assesses skeletal dimensions [47] , will improve our understanding of skeletal sequalae of this disease and associated therapies.
Future studies are needed to understand the cause of differences in HIV-infected compared to uninfected children/youth with measurement of hormones and other circulating mediators. Longitudinal studies that examine changes within individuals will help to clarify the effect of puberty and sex on bone acquisition and inform the design of interventions to improve bone accrual and prevent skeletal losses in HIV-infected patients.
